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SUMMARY

DNA, depending on base sequence, can induce a wide range of immune responses. While bacterial
DNA is stimulatory, mammalian DNA is inactive alone and can, moreover, inhibit the response to
bacterial DNA. To determine whether the mode of cell entry affects the immune properties of
mammalian DNA, we have investigated the effects of the cytofectin agents Fugene 6 (Roche
Diagnostics Corp., Indianapolis, IN), Lipofectin and Lipofectamine (Life Technologies, Grand
Island, NY) on the responses of murine macrophages to DNA from calf thymus and human
placenta. Whereas calf thymus and human placenta DNA alone failed to stimulate J774 or
RAW264-7 cell lines or bone marrow-derived macrophages, these DNAs in complexes with
cytofectin agents stimulated macrophages to produce nitric oxide but not interleukin 12. Both
single-stranded and double-stranded DNAs were active in the presence of cytofectins. Macrophage
activation by the DNA—cytofectin complexes was reduced by chloroquine, suggesting a role of
endosomal acidification in activation. As shown by flow cytometry and confocal microscopy, the
cytofectins caused an increase in the uptake of DNA into cells. Our findings indicate that
macrophages vary in their response to DNA depending on uptake pathway, suggesting that

activation by DNA reflects not only sequence but also context or intracellular location.

INTRODUCTION

DNA is a complex macromolecule whose immunological prop-
erties vary with base sequence and encompass both stimulation
and inhibition."™ As shown using natural DNA as well as
synthetic oligodeoxynucleotides (ODN), DNA displaying cer-
tain sequence motifs can stimulate a wide range of immune
responses that include B-cell proliferation and cytokine produc-
tion. In the murine system, these motifs have the general
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structure of two 5" purines, an unmethylated CpG motif and
two 3’ pyrimidines; in humans, other sequence motifs cause
activation, although these sequences may differ depending on
the response and target cell.*** DNA containing immunostimu-
latory sequences (ISS) or CpG motifs is termed CpG DNA and
can activate cells via the Toll-like receptor 9 (TLR9) following
internalization.” As such, DNA can activate the innate immune
system and play a physiological as well as pharmacological
role, with CpG DNA being tested as vaccine adjuvants in
humans.®*

In contrast to CpG DNA, some DNA can inhibit immune
responses in a manner that also depends on sequence motifs.
Thus, mammalian DNA as well as certain viral DNA and
synthetic ODN can block immune responses induced by CpG
DNA.*3 The sequences for inhibition are diverse and depend in
part on the DNA backbone, with phosphorothioate ODN show-
ing greater inhibitory activity and different structure—function
relationships compared with their phosphodiester counterparts.”
Sequences with inhibitory activity include a CpG motif pre-
ceded by a 5’ C or followed by a 3’ G, extended runs of dG and
all four single base (dA, dC, dT and dG) ODN when pre-
sented with a phosphorothioate backbone.*> Although DNA
can inhibit the response to CpG DNA, in part by blocking DNA
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internalization, the inhibition of lipopolysaccharide (LPS)
responses by certain ODN suggests a more generalized effect
on signalling pathways.'”

To address the mechanism of action of inhibitory DNA, we
began studies to determine whether increasing the cellular
uptake of mammalian DNA would augment its inhibitory
activity. For that purpose, we used murine macrophages to test
the effects of cytofectin agents on the production of nitric oxide
(NO), an important pro-inflammatory mediator."" Cytofectins
are lipid-based agents that increase transfection efficiency and
have been widely used in vitro and in vivo to promote plasmid or
ODN uptake.'? Cytofectins facilitate the entry of DNA into cells
via non-receptor-mediated endocytosis and, through their desta-
bilizing effects on endosomes, promote DNA release into the
cytoplasm.'?

In preliminary studies, we noted that the presentation of
mammalian DNA in cytofectins, rather than increasing inhibi-
tion, paradoxically caused stimulation. Thus, we observed
dramatically increased NO production with DNA complexed
to cytofectins under conditions in which free DNA was inactive.
These findings were similar to those of previous studies,
indicating that the introduction of double-stranded (ds), but
not single-stranded (ss), DNA into cells by cytofectin agents
caused immune activity assessed by surface expression of MHC
molecules CD40 and CD54.'*"

In the current experiments, we have investigated further the
ability of cytofectins to affect the immunomodulatory proper-
ties of DNA using as models the J774 and RAW264-7 cell lines
as well as cultured murine macrophages or dendritic cells.
These cells were stimulated by ss and ds DNA from various
species with or without cytofectin agents, and responsiveness
was assessed by the production of two inflammatory mediators,
NO and interleukin (IL)-12. In results presented herein, we
show that the immunomodulatory activity of mammalian
DNA varies depending on the manner in which it is presented
to cells and that cytofectins can convert an inactive or inhibitory
DNA into a stimulator. We further show that NO and IL-12
differ in their inducibility by mammalian DNA in cytofectins.
Coupled with those of other studies, these results suggest that
immune activation by DNA may reflect its mode of entry and
intracellular context and that the range of immune activities of
DNA is not solely a consequence of sequence motifs.

MATERIALS AND METHODS

DNA preparation

DNA from calf thymus (CT), human placenta (HP), salmon
testes (ST), and Escherichia coli (EC) were purchased from the
Sigma Chemical Co. (St. Louis, MO). The DNA products were
purified by repeated phenol extractions followed by chloroform/
isoamyl alcohol extraction with a final ethanol precipitation
step. The air-dried DNA preparations were dissolved in distilled
water at concentrations of 1-2 mg/ml and were kept at —20°
before use in each experiment. Native DNA was used as ds
DNA, while ss DNA was prepared by boiling DNA for 10 min
and cooling on ice for 5 min. Synthetic polydeoxynucleotides,
including poly(dA)-poly(dT), poly(dD)-poly(dG), poly(dG)-po-
ly(dC), poly(dA), poly(dT), and poly(dC), were purchased from
Amersham Pharmacia (Piscataway, NJ), dissolved in distilled

water at a concentration of 1 mg/ml and kept at —20° before
use.

Fluorescently labelled CT DNA and EC DNA were prepared
with either ethidium monoazide (EMA) or YOYO-1, both of
which were purchased from Molecular Probes, Inc. (Eugene,
OR). EMA-labelled DNA was prepared by incubation of 200 pg
of ds CT DNA or EC DNAwith 5 pg of EMA in 2 ml H,O in the
dark for 10 min at RT, followed by exposure to UV light for
2 min. YOYO-1-labelled DNA was prepared following the
manufacturer’s instructions. Briefly, 100 ng of ds CT DNA
or ds EC DNA was added to 4 ml of Dulbecco’s phosphate-
buffered saline (PBS) (Sigma Chemical, Co.) containing 0-2 pM
YOYO-1, 0-1% fetal calf serum (FCS), I mMm CaCl, and 1 mMm
MgCl,, and incubated at RT for 1 hr. Unreacted EMA or
YOYO-1 was removed by gel filtration of the DNA—-dye mix-
tures through a Sephadex G-25 column (NAP10 column, Amer-
sham Phamarcia). EMA-DNA and YOYO-DNA in the elutes
were precipitated with ethanol, air-dried, and dissolved in H,O
at a concentration of 100 pg/ml.

Preparation of DNA—cytofectin complexes

Three commercially available cytofectins were used in this
study: Fugene 6 (Roche Diagnostics Corp., Indianapolis, IN),
Lipofectin and Lipofectamine (Life Technologies, Grand
Island, NY). DNA-cytofectin complexes were prepared accord-
ing to the manufacturers’ instructions. Briefly, cytofectin solu-
tions were prepared by diluting stock cytofectin agents into
serum-free RPMI-1640 medium (Life Technologies) in a dose
range between 0-8 and 20 pg/ml. DNA solutions were prepared
by diluting DNA in serum-free RPMI-1640 medium in the same
dose range as the cytofectin agents. Cytofectin solutions were
immediately added to the DNA solutions, with the exception of
the Lipofectamine solution which was incubated at RT for
30 min prior to being added to DNA solution. The final
DNA concentrations were between 0.4 and 10 pg/ml, with a
ratio of DNA to cytofectins of 1 : 1 (w/w). These concentrations
were based on our previous study'® and preliminary experi-
ments. A DNA to cytofectin ratio of 1 : 1 was used throughout
this study for different combinations of cytofectin agents and
DNA either in the ds or ss forms. The DNA—cytofectin mixtures
were incubated at RT for 30 min and then added to murine
macrophages or dendritic cells (DCs) at 200 pl/well in 96-well
cell culture plates for in vitro experiments (see below).

Macrophage and DC culture

Murine J774 and RAW264-7 macrophage cell lines were main-
tained in culture medium consisting of RPMI-1640 medium
supplemented with 10% FCS and 20 pg/ml gentamicin (Life
Technologies). Murine bone marrow-derived macrophages
(BMMC) were cultured from BALB/c mice (Jackson Labora-
tory, Bar Harbor, ME) as previously described.'® Bone marrow-
derived DCs were generated from BALB/c mice by a previously
reported method with modification.'” Briefly, bone marrow
cells were collected from femurs and tibias by repeated flushing
of the bone shaft with RPMI-1640 medium (Life Technologies),
and cultured in 75-cm? cell culture flasks (Costar Incorporated,
Corning, NY) at a concentration of 1 x 10° cells/ml in DC
medium. The DC medium consisted of RPMI-1640 medium
supplemented with 20 ng/ml of recombinant murine GM-CSF
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(Peprotec, Inc., Rocky Hill, NJ), 10% FCS and 20 pg/ml
gentamicin. At day 3, bone marrow cells were fed with fresh
DC medium containing 20 ng/ml of GM-CSF, and, at days 6
and 8, the cells were fed with fresh DC medium containing
10 ng/ml of GM-CSF. At days 10-12, the non-adherent
cells were harvested and used in experiments as DCs. At
harvest, the purity of DCs was evaluated by flow cytometry
for murine DC surface markers CD11c and NLDC145 (see
below) and was 80-90%, consistent with that reported by other
investigators.'”

Treatment of murine macrophages and DC with

mammalian DNA

Murine macrophages (J774, RAW264-7 and BMMC) and DCs
were plated in 96-well cell culture plates (Costar Incorporated,
Corning, NY) at 5 x 10* cells/well in the culture medium. Prior
to experiments, macrophages and DCs were washed twice with
serum-free RPMI-1640 medium, followed by incubation with
different doses (0.4-10 pg/ml) of ds or ss natural or synthetic
DNA alone or in the form of DNA—cytofectin complexes at 37°.
FCS was added to the culture to obtain a 10% FCS concentra-
tion for the culture medium at 4 hr, followed by further incuba-
tion at 37° for a total time of 48 hr. Supernatants were collected
at 24 hr to assess IL-12 levels and at 48 hr to measure NO
concentrations. In some experiments, cells were preincubated
with 1-4 pg/ml chloroquine (Sigma Chemical Co.) for 1 hr
prior to exposure to DNA—cytofectin complexes, to assess the
role of endosomal acidification in cell activation.

To assess the possible toxicity of the DNA—cytofectin com-
plexes, the viability of macrophages and DCs was assessed by
AlamarBlue™ solution following manufacturer’s instructions
(BioSource International, Inc., Camarillo, CA). All the DNA-
cytofectin complexes showed minimal effects on the viability of
these cells, even at the highest dose (10 pg/ml).

IL-12 ELISA and nitrite assay

IL-12 levels were measured by enzyme-linked immunosorbent
assay (ELISA) as previously described.’> NO production in the
culture supernatants was quantified by measuring nitrite
(NO;"), a stable breakdown product of NO, using a modified
Griess method.'®'®

Flow cytometric analysis of DC surface molecule expression

DCs were blocked with 10 pg/ml of anti-mouse FcyIII/IIR
antibody (clone 2-4G2) on ice for 30 min. For direct labelling,
cells were incubated with phycoerythrin (PE)-labelled anti-
mouse CD11c (clone HL3) or anti-I-A? (clone AMS-32-1) or
appropriately labelled isotype controls on ice for 30 min. For
indirect labelling, DCs were incubated on ice for 30 min with
10% supernatant of hybridoma cell line NLDC-145 (ATCC
HB-290) producing antibody to murine DC marker DEC-205,"
followed by incubation with FITC-labelled goat anti-rat immu-
noglobulin (Ig) G (TAGO, Inc., Burlingame, CA) on ice for
30 min. After washing DCs three times with cold 0-5% bovine
serum albumin (BSA)/0-1% NaN3/PBS, the expression of the
surface molecules was examined by FACScan flow cytometer
(Becton Dickinson, Mansfield, MA). The acquisition was per-
formed with 10 000 events per sample, and the list mode data
were analysed using LYSYS™ II software (Becton Dickinson).
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All the antibodies used in assessment of DC surface markers
were purchased from PharMingen (San Diego, CA).

Flow cytometric analysis of DNA uptake

Assay for cellular uptake of fluorescently labelled DNA was
performed as previously described.'® Briefly, 2 x 10° J774
cells in 1 ml of culture medium were incubated with 0-4—
10 pg/ml of EMA-labelled ds CT DNA alone or with the
labelled DNA-Fugene 6 complexes at the ratio of 1: 1 (w/
w) at 37° for 48 hr. Cells were collected at 0, 6, 24, and 48 hr,
washed twice with cold 0-5% BSA/0-1% NaN3/PBS, fixed in
1% paraformaldehyde/PBS, and examined by FACScan flow
cytometer.

Confocal microscopy of DNA localization in cells

To examine the intracellular distribution of DNA, J774 cells or
BMMC seeded in an eight-well Lab-Tek Chambered Cover-
glass System (Nalge Nunc Intl Corp., Naperville, IL) were
incubated with 1 pg/ml of EMA- or YOYO 1- labelled ds
CT DNA or EC DNA in the presence or absence of 1 pg/ml
of Fugene 6 or Lipofectin at 37° for 12 hr. After incubation, the
cells were washed three times with cold 0-5% BSA/0-1%
NaN3/PBS and examined for internalized DNA under a con-
focal laser scanning microscope (Zeiss LSM 510, Carl Zeiss,
Oberkochen, Germany).

Statistical analysis

All results are presented as mean £ SD. Data were analysed by
one-way ANOVA, and the difference between experimental
treatment groups was assessed by an unpaired Student’s z-test.
P values <0-05 were considered statistically significant.

RESULTS

Effect of mammalian DNA-cytofectin complexes
on murine macrophages

To determine how cell entry influences the immune response to
DNA, we used the murine macrophage cell lines J774,
RAW?264-7 and BMMC to measure the in vitro response to
CT DNA or HP DNA in complexes with the cytofectin agents
Fugene 6, Lipofectin or Lipofectamine. These cells, when
activated, produce significant amounts of IL-12 and NO, two
important inflammatory mediators.''*® Thus, IL-12 and NO
assays were performed throughout the current study to assess
cell activation by different combinations of DNA and cyto-
fectins.

We first tested the activity of ds and ss CT DNA and EC
DNA in the presence or absence of Fugene 6. Previous studies
have shown that EC DNA is immunostimulatory, in contrast to
CT DNA, which is inactive alone.>? In these experiments,
J774 cells were treated with 10 pg/ml of ds and ss CT
DNA or EC DNA alone or in complexes with Fugene 6 for
up to 48 hr; supernatants were then examined for IL-12 and NO
production. As shown in Fig. 1, EC DNA alone, but not CT
DNA alone, induced IL-12 and NO production from the macro-
phages, consistent with previous studies.'” In the presence of
Fugene 6, however, CT DNA induced NO production to a
level comparable to that of EC DNA-cytofectin complexes
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Figure 1. Induction of NO in macrophages by CT DNA-cytofectin
complexes. J774 cells were treated for up to 48 hr with 10 pg/ml of ds
and ss CT DNA in the presence or absence of Fugene 6. While CT DNA
alone did not induce NO, both ds and ss CT DNA—cytofectin complexes
induced NO from the cells (upper panel). These DNA—cytofectin
complexes, however, had no effects on IL-12 production (lower panel).
EC DNA, regardless of the presence of Fugene 6, stimulated J774 cells
to produce IL-12 and NO. The NO levels in cells cultured with medium
alone and Fugene 6 alone were 0-7 & 0-02 and 3-1 £ 0-5 uM
(mean £ SD), respectively, and IL-12 levels in these controls were
less than 0-5 ng/ml. Each value represents a mean of triplicates. Error
bars depict the standard deviations. The data are representative of at
least three separate experiments.

(Fig. 1, upper panel); under these conditions, however, CT
DNA-—cytofectin complexes failed to induce IL-12 production
(Fig. 1, lower panel). Cells treated with Fugene 6 alone pro-
duced low levels of NO and IL-12 (3-1 + 0-5 uM and
0-3 £ 0-08 ng/ml, mean + SD, respectively), which were com-
parable to the NO and IL-12 levels (0-7 & 0-02 um and
0-4 £ 0-03 ng/ml, respectively) produced by cells treated with
medium alone.

To confirm the results with Fugene 6, similar experiments
were repeated with either Lipofectin or Lipofectamine. Lipo-
fectin and Lipofectamine are cationic liposomal transfection
agents, while Fugene 6 is a multicomponent lipid-based trans-
fection agent in a non-liposomal formulation according to the
manufacturer. Similar to the experiments with CT DNA and
Fugene 6, in the presence of Lipofectin or Lipofectamine, CT
DNA induced NO, but not IL-12, from J774 cells, while EC
DNA induced both IL-12 and NO in these cells (data not
shown).

To test whether other non-stimulatory DNAs can change
their activity after complexation with cytofectins, J774 cells
were incubated for 48 hr with 10 pg/ml CT DNA in parallel
with HP and ST DNA with or without Lipofectin. Like CT DNA,
HP DNA and ST DNA in either ds or ss forms, when delivered
with the cytofectin agent, induced high NO levels, while these
DNAs alone had no effect on macrophage NO production
(Table 1). These observations suggest that immune stimulation
may be a general property of non-bacterial DNA when intro-
duced into cells by cytofectins.

Table 1. Induction of NO in J774 cells by vertebrate DNA

DNA Lipofectin (-) Lipofectin (4)
Medium 0-8 +£0-3 3.5+ 01
CT DNA

ds 1-1 +£04 20-1 + 09
SS 07 + 02 225+ 23
HP DNA

ds 04 + 0-2 224 + 07
ss 04 £+ 0-2 193 £ 3.2
ST DNA

ds 12403 215+ 19
SS 1-0 £ 03 352+ 12

J774 cells were stimulated with double-stranded (ds) or single-stranded (ss)
DNA alone [Lipofectin (-)] or as complexes with Lipofectin [Lipofectin (+)]
and NO production measured at 48 hr as described in ‘Materials and methods’.
Results presented represent levels of NO as mean £ SD uM for triplicate wells.

Influence of DNA strandedness on NO production by
DNA-—cytofectin complexes

The above data show that both ss and ds CT DNAs in combina-
tion with cytofectins are able to induce NO. These observations
differ from those of other investigators, who reported that only
ds CT DNA in the presence of cytofectin agents could activate
macrophages.'® To investigate the basis of these differences, we
assessed the influence of DNA strandedness by examining the
dose-response of macrophages to ds and ss CT DNA or HP
DNA in the presence of cytofectin. For this purpose, RAW264-7
cells were treated with 0-4—10 pg/ml of ds and ss CT DNA or
HP DNA in complexes with Fugene 6 for 48 hr, and super-
natants examined for NO production. As shown in Fig. 2, there
was a dose-dependent increase of NO levels in cells treated with
cytofectin complexes with either ds or ss CT DNA and HP
DNA, while less than 3 uM NO was found in supernatants of
cells treated with ds and ss CT DNA or HP DNA alone.

In these experiments, ds and ss DNA showed a difference in
the dose—response for NO induction. At 2 pg/ml, ds CT and HP
DNA induced NO production, while their ss counterparts had
much less effect. In contrast, at 10 pg/ml, both the ds and ss
forms of these DNA induced NO. Our results with a low dose of

307 M dsCTDNA

g [OJ ssCTDNA
2= 2 ds HP DNA
= ss HPDNA
2 !

Figure 2. Dose-dependent induction of NO from macrophages.
RAW264-7 cells were treated for 48 hr with 0-4-10 pg/ml of ds and
ss CT DNA or HP DNA with or without Fugene 6. In the presence of the
lipid agent, both the ds and ss forms of these mammalian DNA
stimulated macrophages to produce NO, although ds DNA induced
more NO than ss DNA at a lower dose (2 pg/ml). NO levels of < 3 um
were detected in cells cultured with medium alone, Fugene 6 alone or
DNA alone. Error bars depict the standard deviations. The data are
representative of at least three separate experiments.
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DNA are thus similar to those of other investigators.'” Similar
results were also obtained from repeated experiments with J774
cells (data not shown). Together, these observations suggest that
macrophages respond to ds and ss DNA complexed to cyto-
fectins at different dose thresholds.

Effects of synthetic polydeoxynucleotides—cytofectin
complexes on murine macrophages

The activation of macrophages by cytofectin complexes of
mammalian DNA could potentially result from unmethylated
CpG motifs in these DNAs.?! To assess the role of CpG in
mammalian DNA-induced macrophage activation, we exam-
ined the effects of synthetic DNA—cytofectin complexes on
macrophage activation. J774 cells were treated with 0-4—-10 pg/
ml of poly(dA)-poly(dT), poly(dl)-poly(dG), poly(dG)-po-
ly(dC), poly(dA), poly(dT), and poly(dC), in the presence or
absence of Fugene 6 for 48 hr. As shown in Fig. 3, all three ds
polynucleotides in complexes with Fugene 6 induced NO
production in a dose-dependent fashion, while these polymers
alone showed no effect on NO production. The three ss poly-
nucleotides, either alone or in the presence of Fugene 6, had no
stimulatory effects on J774 cells, yielding NO levels similar to
medium controls (< 3 uM for treatments with medium or
polymers alone). There was no increased IL-12 production in
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% 20 _ 7
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Figure 3. Induction of NO in macrophages by cytofectin complexes of
synthetic nucleic acids. J774 cells were treated for 48 hr with 0-4—
10 pg/ml of ds poly(dG)-poly(dC), poly(dA)-poly(dT), or poly(-
dI)-poly(dC) with or without Fugene 6. In complexes with the cytofectin
agent, all three polymers induced NO, while these DNAs alone were
inactive. NO levels in cells cultured with medium alone and Fugene 6
alone were <2 pM. Each value represents a mean of triplicates. Error
bars depict the standard deviations. The data are representative of at
least three separate experiments.
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any of these synthetic DNA treatment groups (data not shown).
Similar results were obtained in experiments with RAW264-7
cells (data not shown).

Effects of mammalian DNA-cytofectin complexes on DCs

To determine whether cytofectins affect the response to DNA of
another cell type, we examined the effects of DNA—cytofectin
complexes on the DC, a key cell involved in the initiation and
regulation of the innate and acquired immunity.>> Murine bone
marrow-derived DCs were incubated with 10 pg/ml of ds or ss
CT DNA in the presence or absence of Fugene 6. Native EC
DNA at a dose of 10 pg/ml was used as control. CT DNA alone
did not induce NO, while both ds and ss CT DNA-—cytofectin
complexes induced high levels of NO from the cells (Fig. 4,
upper panel). The CT DNA preparations, however, had no effect
on IL-12 production with or without the cytofectin agent
(Fig. 4, lower panel). Stimulation of DCs with EC DNA alone
or together with Fugene 6 resulted in increased NO and IL-12
production. These findings suggest that cytofectins can influ-
ence cell activation by mammalian DNA in more than one cell

type.

The role of endosomes on NO induction by DNA—cytofectin
complexes

Previous studies have demonstrated that cell activation by CpG
DNA can be blocked by the endosomal inhibitor chloroquineA23
To investigate the role of endosomes in DNA—cytofectin com-
plex-induced NO production, J774 cells were pretreated with
1-4 pg/ml of chloroquine for 1 hr and then incubated for
48 hr with 10 pg/ml CT DNA in complexes with Fugene 6. As
controls, 10 pg/ml EC DNA and 1 pg/ml LPS without Fugene 6
were used. As shown in Fig. 5, CT DNA-cytofectin com-
plexes, EC DNA and LPS all induced NO production in J774

4 ] DNA
DNA+Fugene 6
S a0
=
o
- r—% F‘%
0
dsCTDNA ssCTDNA dsECDNA  ssECDNA
100
_ DNA
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>
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~
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Figure 4. Induction of NO in dendritic cells by CT DNA-cytofectin
complexes. DCs were treated as in Fig. 1, and produced high levels of
NO (upper panel), but not IL-12 (lower r panel), in response to ds or ss
CT DNA-—cytofectin complexes. EC DNA induced both NO and IL-12.
NO levels of < 4 uMm and IL-12 levels of <4 ng/ml were detected in
cells cultured with medium alone or Fugene 6 alone. Each value
represents a mean of triplicates. Error bars depict the standard devia-
tions. The data are representative of at least three separate experiments.
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Figure 5. Effects of chloroquine on induction of NO by CT DNA-
cytofectin complexes. J774 cells were pretreated with 1-4 pg/ml of
chloroquine for 1 hr, followed by incubation with 10 pg/ml CT DNA in
the presence of Fugene 6. EC DNA at 10 pg/ml and LPS at 1 pg/ml
were used as controls. NO induction by CT DNA—cytofectin complexes
was partially blocked by chloroquine. Whereas chloroquine blocked EC
DNA-induced NO, it had a minimal effect on LPS activity. Error bars
depict the standard deviations. The data are representative of at least
three separate experiments. *P < 0-05 in a comparison of cells treated
with CT DNA-—cytofectin complexes or EC DNA in the presence and
absence of chloroquine.

cells. Chloroquine blocked NO induction by CT DNA-cyto-
fectin complexes and EC DNA, but not by LPS, with CT DNA-
cytofectin complexes less sensitive than EC DNA to the effect
of chloroquine. Our observations with EC DNA and LPS are
consistent with other investigators’ observations.?® These find-
ings suggest that cell activation by CT DNA—cytofectin com-
plexes, like that of EC DNA, is at least partially mediated
through a chloroquine-sensitive intracellular signalling path-
way.

Effect of cytofectin on DNA uptake

Internalization is required for cell activation by CpG DNA.? To
examine the effects of cytofectins on DNA uptake, EMA-
labelled CT DNA was used for flow cytometric analysis of
DNA uptake in the presence or absence of the cytofectin agent
Fugene 6. J774 cells were incubated with 0-4-10 pg/ml EMA-
CT DNA or the same dose range of EMA-CT DNA-Fugene 6
complexes for up to 48 hr. Cells were collected at different
time-points and assessed for DNA uptake by flow cytometry.
Flow cytometric analysis revealed a dose- and time-dependent
increase in DNA uptake by macrophages (Fig. 6).

Effect of cytofectin on intracellular distribution of DNA

One explanation for the transformation of mammalian DNA
into a stimulant by the cytofectins could be an alteration in not
only the amount of DNA taken up into cells, but also the uptake
pathway or localization. Endocytosis has been suggested as the
main pathway for the internalization of DNA—cytofectin com-
plexes.'? To examine the effects of cytofectins on DNA endo-
cytosis, DNA uptake was assessed by confocal microscopic
analysis in J774 cells co-incubated with EMA-CT DNA alone or
complexed to Fugene 6, and Oregon green-conjugated dextran,
an intracellular trafficking marker.?* After 12 hr of incubation,
CT DNA and dextran were mostly co-localized in the peripheral
cytoplasm in the presence (Fig. 7) or absence of Fugene 6 (data
not shown). Similar results were obtained in experiments with
Lipofectin. These observations indicate that DNA—cytofectin
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Figure 6. Effect of cytofectins on CT DNA uptake by macrophages.
J774 cells were incubated for up to 48 hr with 0-4-10 pg/ml EMA-CT
DNA with or without Fugene 6. DNA uptake was assessed by flow
cytometric analysis of the cells collected at different time-points. The
levels of DNA uptake are represented as mean fluorescence intensity
(MFI) for each group. There was a dose- and time-dependent increase of
DNA uptake in the presence of Fugene 6.

complexes use an endocytosis pathway similar to that of
dextran. These findings also suggest that cytofectins do not
dramatically alter the intracellular distribution pattern of mam-
malian DNA despite enhancing DNA uptake.

DISCUSSION

Results presented herein provide further insight into the
immune activities of DNA and suggest that immune stimulation
by DNA is not solely a reflection of species origin or content of
CpG motifs. Thus, in our in vitro systems with murine macro-
phages and dendritic cells, we have shown that the mammalian
DNA is transformed from an inhibitor to a stimulant when the
DNA is presented with a cytofectin. This transformation
occurred with both ss and ds DNA, a finding that differs from
previous observations,'> suggesting that this DNA has a unique
potential for immune activation when introduced into cells.
These findings raise the possibility that immune stimulation
may be a more general property of DNA than previously
suggested and depends on intracellular context and amount
of uptake.'*16

In addition to showing that cytofectins can alter the immune
properties of mammalian DNA, our studies suggest that
immune stimulation by DNA may not be uniform and may
lead to differential induction of pro-inflammatory molecules. In
our studies, whereas mammalian DNA in cytofectin caused a
significant stimulation of NO production, it did not induce IL-12
production. This difference was observed with both macro-
phages and DCs, suggesting a similar pattern of regulation in
both cells.

As shown in previous studies, when tested in culture alone,
mammalian DNA fails to stimulate B cells or macrophages and,

© 2003 Blackwell Publishing Ltd, Immunology, 109, 255-262
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Figure 7. Confocal microscopy analysis of intracellular distribution of
CT DNA. J774 cells were simultaneously incubated with 1 pg/ml of
EMA-labelled CT DNA in complexes with Fugene 6 (CT DNA) and
0-5 mg/ml Oregon green-labelled dextran (Dextran) at 37° for 12 hr.
Internalized CT DNA (red-coloured) and dextran (green-coloured) were
examined by confocal microscopy. CT DNA can be seen mostly co-
localized (yellow-coloured) with dextran (Merged), indicating a fluid
phase endocytosis pathway for DNA uptake (bar = 10 pum).

furthermore, shows inhibitory activity against CpG DNA.’
Nevertheless, as shown herein and reported previously, the
same DNA, when complexed with a cytofectin, leads to a
distinctive pattern of immune stimulation that would not have
been predicted on the basis of the response to free DNA.'*!3
This response could be observed with ss and ds mammalian
DNA as well as some ds, but not ss, synthetic polynucleotides.
Furthermore, this stimulation was observed with more than one
cytofectin, suggesting a general effect rather than a unique
moiety created by a particular DNA or cytofectin.

A number of mechanisms could account for this stimulation.
The first reflects the manner in which DNA signals the immune
system. To the extent that each DNA is a mixture of stimulatory,
inhibitory and neutral sequences, the outcome of this process
may depend on the context in which these sequences interact
with internal receptors (e.g. TLR9) following internalization.

© 2003 Blackwell Publishing Ltd, Immunology, 109, 255-262

With the uptake of free DNA, it appears that the balance
between inhibition and stimulation is directed toward inhibition.

In contrast to free DNA, with DNA complexed to cytofec-
tins, stimulation appears dominant. In our experiments, all three
non-bacterial DNA (CT, HP and ST) induced significant
amounts of NO when presented in a cytofectin. The levels of
NO induction were comparable to those induced by bacterial
DNA, although, as noted above, cytokine production did not
occur under these circumstances. Despite the differences
between NO and cytokine production, these results suggest
that, under these conditions, inhibitory sequences of a natural
DNA are not operative, allowing stimulation to occur by the
active motifs present. As such, these results imply that the
structure—function relationship for DNA depends on the manner
in which DNA is introduced into cells and that the CpG ‘rule’
does not control all encounters of DNA with cells.

To explore the role of CpG and other sequences in stimula-
tion by DNA in cytofectin complexes, we conducted experi-
ments with synthetic polynucleotides. In these studies,
poly(dA)-poly(dT), poly(dl)-poly(dG) and poly(dG)-poly(dC)
in the presence of cytofectin all activated macrophages to
produce NO, despite the absence of any CpG dinucleotides.
These findings indicate that CpG is unlikely to play a significant
role in transformation of DNA activity in the presence of a
cytofectin agent. Other investigators have reached similar con-
clusions regarding to the role of CpG in the cell activation by
mammalian DNA—cytofectin complexes.'*

To address the impact of cytofectins on DNA uptake, we
performed flow cytometry and confocal microscopy. Together,
these studies indicate that, while a cytofectin causes an overall
increase in the amount of DNA taken up into cells, the pathway
of uptake is similar to that of free DNA. Furthermore, the pattern
of intracellular localization appears similar, as shown by co-
localization with dextran, a endocytosis marker.* The inhibi-
tion of immune activation by chloroquine is consistent with the
role of endocytosis in uptake and stimulation by mammalian
DNA.? In these experiments, however, we cannot exclude the
possibility that, with cytofectin agents, limited amounts of DNA
may have access to intracellular compartments or receptors that
is not possible with free DNA, and that DNA causes immune
activation because of its cationic nature in these locales.

While the mechanism of action of complexed DNA requires
further elucidation, these findings have a number of important
implications. The first concerns the effects of cytofectin agents
when used in vitro or in vivo to enhance plasmid uptake for gene
therapy or as a tool to study gene regulation. As our experiments
indicate, cytofectins can markedly alter the immunological
properties of a DNA and transform an inactive or even an
inhibitory molecule into a stimulant. This possibility should be
considered in transfection experiments, especially where the
modulation of an immune response is a key outcome or variable.
In this regard, we have only studied the effects of complexed
DNA on macrophages and DCs. It is possible that cytofectin-
complexed DNA has effects on other types of immune cells or
cells of other lineages.

Another implication of our studies concerns the role of self-
DNA in the triggering immune responses in systemic lupus
erythematosus. This prototypic autoimmune disease is charac-
terized by antibody responses to DNA, among other nucleoso-
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mal components.”> As shown by molecular analysis of mono-
clonal antibodies from both human and murine sources, these
antibodies have features of antigen selection, with DNA appear-
ing to be the driving antigen.?S This conclusion has been diffi-
cult to reconcile with studies indicating that DNA is a poor
immunogen and has inhibitory effects on the induction of im-
mune responses induced by CpG DNA, among other stimulants.’
A number of lines of evidence support the notion that
complexes of DNA with other molecules can alter the immune
properties of DNA. Thus, as we and others have shown,
complexed DNA with a cytofectin can lead to cell activation
(e.g. up-regulation of costimulatory molecules) which could
promote immune responses to DNA, among other antigens.'*!>
Furthermore, DNA or nucleosomes, when bound to antibodies
in the form of immune complexes, can induce IFN-o/f3 and lead
to activation of certain B-cell populations by a mechanism
dependent on TLRY.?” In these situations, anti-DNA antibodies
may function as a cytofectin and lead to higher intracellular
concentrations of DNA than possible with free DNA or access to
other intracellular compartments, resulting in cell activation.”®
Studies are currently in progress to address this possibility.
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